Normal aging comprises cognitive decline, including deterioration of memory. It has been suggested that this decline in memory is sexually dimorphic because of the cessation in gonadal steroid secretion that occurs during reproductive aging in female, but not male, mammals. We wondered whether neurons in brain regions associated with learning and memory underwent morphological changes that were dimorphic as well and whether cessation of the secretion of gonadal steroids influenced these morphological changes. To explore these questions, we deprived and restored estrogens to young and old gonadectomized females and males and studied the morphology of dentate granule cells by intracellular dye filling in a lightly fixed slice preparation. We found the following: (1) Aged female dentate granule cells deprived of gonadal steroids longterm have a paucity of dendritic spines compared with young females deprived short-term; however, aged male dentate granule cells deprived of gonadal steroids long-term have no decrease in dendritic spines compared with young males deprived short-term. (2) Aged female dentate granule cells with long-term estrogen replacement at either high or low levels still had a decline in spine density. (3) Aged female dentate granule cells with short-term estradiol replacement had spine density increased to levels normally observed in young adults, whereas aged males with short-term estradiol replacement had decreased spine density. These data suggest that the response of rat dentate granule cells to aging and estradiol is sexually dimorphic and that, in females, the responsiveness of granule cells depends on the temporal pattern of estradiol replacement.
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Memory decline is associated with normal aging in both rodents and humans (Rissenberg and Glanzer, 1986; Chiarello and Hoyer, 1988; Kadar et al., 1990; Young john and Crook, 1993; Frick et al., 1995) . In normal aging, female and male rat brains also undergo structural and f unctional changes, including loss and retraction of dendrites, spines, and myelin, as well as decreases in the density of receptor proteins and levels of neurotransmitters (Nunzi et al., 1987; Moroi-Fetters et al., 1989; Garcia-Segura et al., 1991) . It has been suggested that, in females, memory loss is exacerbated by the decline in gonadal estrogens, marking reproductive senescence (rats) and menopause (humans) (Sulkava et al., 1985; Alliot and Giry, 1991) . Conversely, replacement of estrogens protects against decline in memory in normal aging, as well as in Alzheimer's disease K imura, 1995; Henderson et al., 1996; O'Neal et al., 1996; Tang et al., 1996; Henderson, 1997; Kawas et al., 1997; Sherwin, 1997) . These data suggest that the decrease in gonadal steroids that accompanies normal aging in females may accelerate agerelated cognitive decline by increasing the structural and functional changes to neurons in brain regions associated with learning and memory.
It is well established that estrogens can lead to an increase in neurite outgrowth, spine density, and synaptic input both in vitro (Toran-Allerand, 1976) and in vivo McEwen, 1992, 1993) . Thus, we speculate that changes in estrogen availability and utilization by the brain of aging females enhances connectivity changes in aging female brains. To explore this possibility, we asked the following. (1) What is the morphology of neurons in estrogen-deprived aging females and males? (2) Does estrogen replacement in gonadectomized animals change this morphology? (3) Do morphological changes depend on the temporal pattern of estrogen replacement? We know already that, in the cycling female, CA1 pyramidal neurons undergo synaptic remodeling over the course of the estrous cycle but that under the same conditions dentate granule cells are unresponsive (Woolley and McEwen, 1992) . However, because dentate granule cells lose spines quickly under other conditions, such as denervation caused by aging and disease (Nadler et al., 1973 (Nadler et al., , 1977 White et al., 1979; Flood and Coleman, 1986; Flood et al., 1987; Einstein et al., 1994; Shetty and Turner, 1995) , we wondered whether they would be responsive to estrogen deprivation and replacement in the aging animal.
In females, we mimicked different conditions of naturally occurring estrogen exposure during aging in humans and rats: "human menopause" by ovariectomizing female rats and providing no steroid replacement; "constant estrus" (as in aging rats) by providing a constant high-dose estradiol replacement to ovariectomized rats; and "persistent diestrus" (as in very old rats) by providing a constant low-dose estradiol replacement. Cyclical exposure to estrogens of young females was mimicked by injecting a short-term pulse of estradiol. In males, as comparison groups, we gonadectomized and either left them in an androgen/ estrogen-deprived state or gave short-term estradiol replacement. Dendritic morphology was studied by making intracellular dye injections in fixed brain slices (Einstein, 1988) .
MATERIALS AND METHODS
T wenty-five ovariectomized female and 14 gonadectomized male Charles River Sprague Dawley CD strain rats were used for this study. Rats were housed in same-sex pairs in clear plastic cages and were given food and water ad libitum. They were kept on a 12 hr light /dark cycle with lights on at 7:30 A.M. All rats killed at 16 -20 months of age were gonadectomized at 2 months of age, implanted with SIL ASTIC capsules filled with estradiol benzoate (EB) or oil, and behaviorally trained in an appetitively motivated learning paradigm at 3 months and again at 14 months of age (Williams, 1996) .
Animal surger y. Ovariectomies were performed on all the female, and castrations were performed on all the male rats. They were anesthetized with a mixture of xylazine (5 mg / kg) and ketamine hydrochloride (45 mg / kg). During the same surgery, different groups of the females were implanted subcutaneously with the following doses of EB administered via SIL ASTIC capsule: (1) no estradiol, one 10 mm empty capsule (n ϭ 8); (2) low estradiol, one 15 mm capsule filled with a solution of 200 g of EB/ml of sesame oil (n ϭ 8); and (3) high estradiol, five 10 mm capsules filled with a solution of 200 g of EB/ml of sesame oil (n ϭ 4). The capsules were constructed using SIL ASTIC medical grade tubing (inner diameter of 0.147 cm, outer diameter of 0.196 cm), SIL ASTIC adhesive (Dow Corning Corporation, Midland, M I), and round toothpicks. The tubing was cut into 14 and 19 mm sections, and the ends were plugged with 2 mm of toothpick and an adhesive seal. None of the males received EB implants. Estradiol levels were checked monthly (blood was taken from the tail vein under C O 2 anesthetic), and implants were replaced every 3-4 months as necessary to maintain serum estradiol levels. Median serum estradiol levels for long-term replacement were as follows: no estradiol, Ͻ20 pg /ml; low estradiol, 27.7 pg /ml; and high estradiol, 42.95 pg /ml.
At 16 -20 months of age, four of the females with no estradiol replacement, four of the females with low estradiol replacement, and three of the males with no estradiol replacement were injected with 10 g of EB/0.1 ml of sesame oil at 48 and 24 hr before being killed. At the same time points, matched groups of female and male rats were injected with an oil vehicle before being killed.
Another group of five female rats was ovariectomized, and eight male rats were gonadectomized at 4.5 months of age and killed 3 weeks later. Forty-eight and 24 hr before being killed, three females and four males were injected with 10 g of EB/0.1 ml of sesame oil, and, at the same time, two females and four males were injected with an oil vehicle.
Preparation of tissue. All animals were killed by decapitation. The brains were removed immediately, cut in half along the midsagittal plane, and fixed in 4% paraformaldehyde in 0.1 M PBS for 3 hr at room temperature. After 3 hr, the left hemisphere was removed from fixative and rinsed in 0.1 M PBS. Using a vibratome, sagittal sections of 300 m thickness were cut through the entire left hemisphere, collected in series in 0.1 M PBS, and stored in the refrigerator in preparation for intracellular injection with L ucifer yellow.
Intracellular injections. Granule cells of the dentate gyrus were injected intracellularly with L ucifer yellow as described previously (Einstein, 1988) . C ell filling was performed under visual control using epifluorescence. In all cases, at least three slices through the dentate gyrus were injected per animal, with ϳ10 -15 granule cells injected per slice. To minimize any difficulties in interpreting morphological changes, slices from the dorsal hippocampus were used consistently (Buterbaugh and Hudson, 1991) . To minimize differences in the dendritic field size and branching patterns of the dentate granule cells caused by position within the cell layer, as well as the possibility of injecting interneurons, granule cells located in the outer one-third of the granule cell layer were also chosen consistently (Green and Juraska, 1985; C laiborne et al., 1990; Soriano and Frotscher, 1993) . Neurons in both the dorsal and ventral blades of the dentate were filled in approximately equal numbers and were analyzed separately, as well as together.
Data anal ysis. After injection, sections were rinsed in 0.1 M PBS and post-fixed overnight in 10% formalin solution in 0.1 M PBS. Using a 4ϫ objective and a drawing tube, the distribution of injected neurons on each slice was plotted, the number of neurons injected was counted, and the quality of intracellular filling was assessed. The tissue was placed in a solution of 25% sucrose in 0.1 M PBS for cryoprotection and resectioned at 60 m on a freezing microtome. Sections were collected serially, mounted on gelatin-coated slides, air dried, and coverslipped with Krystalon (Diagnostic Systems, Webster, TX).
To ensure objectivity in our analysis, rats were killed, and brains were numbered by one of the coauthors; cell injections, drawing, and quantification of morphology was done by another. In addition, the drawings and data analysis were performed several months after the intracellular injections. In this way, all quantification of morphology was performed by experimenters who were blind to hormone condition.
Approximately 50 granule cells were filled intracellularly per rat. The criteria for choosing neurons to analyze in detail were as follows: (1) complete filling of dendritic tree out to the hippocampal fissure; (2) brightness or complete penetration of L ucifer yellow into dendrites and spines, as assessed at 160ϫ; and (3) soma located in the outer one-third of the granule cell layer. By these criteria, many neurons were well filled; however, only four of the best filled neurons from each blade were drawn and analyzed per rat. If neurons branched into several 60 m sections, their cell body and processes in each 60 m section were drawn and reconstructed for analysis. One aged female with no estradiol replacement and one young female with short-term estradiol replacement had no filled neurons that met our criteria for analysis; therefore, these animals were excluded. We measured dendritic length and counted the total number of varicosities and spines. Varicosities were identified as small oval swellings, integral to the dendrite. Spines were identified as smaller rounded protuberances, either extending from the dendrite via a thin shaft or lying close to or just slightly above the plane of focus of the dendrite. Both the density of varicosities and spines (number per micrometer) were calculated but kept separate so that the final spine count included no varicosities. An ANOVA (using the number of animals in each treatment group as the n value) was used to assess the effects of aging and estradiol exposure on various features of neuronal morphol- Figure 2 . Camera lucida drawings and histogram demonstrating the relatively spine-poor state of 16-to 20-month-old female dentate granule cells and lack of observable difference in spine density between those with long-term estrogen deprivation and long-term estradiol replacement. A, Long-term deprivation. B, Long-term low-dose estradiol replacement. C, Long-term high-dose estradiol replacement. D, Histogram of spine density under each condition. Scale bar in C also applies to A and B. EB, Estradiol benzoate; GCL, granule cell layer; ML, molecular layer; PP, perforant pathway. Note that there is one boundary for the perforant pathway marked for all the drawn neurons, although the molecular layer varies in width across its f ull extent. This abbreviation for purposes of visual clarity makes some dendritic trees appear to not branch the full extent of the molecular layer. However, all illustrated neurons have branches that filled to the perforant pathway unless they are obviously truncated by the plane of section of the slice. This holds true for all figures that follow, as well. n ϭ 4 for all conditions. ogy. Dendritic length was not compared across treatment groups because dye injections in fixed slices occasionally yield truncated dendritic trees because of either sectioning or lack of diff usion of the dye. Therefore, this parameter was beyond the scope of the method.
RESULTS
Over 1000 dentate granule cells in females and males were filled intracellularly. Injection of granule cells with L ucifer yellow produced cell bodies and dendrites that were bright green or yellow in color, with crisp edges and spines that were well filled ( Fig.  1 A-D) . Because of the extremely small size of the cell bodies of granule cells (8 -10 m in diameter), multiple cells were occasionally filled at one injection site. However, it was still possible under high magnification to identif y dendrites as belonging to a single cell body. Lucifer yellow filling was complete enough to reveal qualitative differences in spine density and morphology ( Fig. 1 B-D) . In some animals, the dendrites carried irregular swellings resembling varicosities (Fig. 1 B, C) .
Morphology of granule cells in aged rats in reproductive senescence
To determine the morphology of dentate granule cells of female rats under various conditions of reproductive senescence, we studied filled neurons from aging females that had been deprived of gonadal steroids for Ͼ12 months (mimicking human menopause) and those replaced with low and high concentrations of estradiol (mimicking rat persistent diestrous and constant estrous, respectively). Qualitative inspection of neurons from all three conditions revealed dendritic trees with a paucity of spines (Fig.  2 A-C) . Subsequent quantification of spine density revealed no significant difference in spine density between females that had been estrogen-deprived and those that had received either form of long-term replacement (Fig. 2 D) .
To determine whether there was a sex difference in the effects of aging with long-term steroid deprivation, we also examined filled dentate granule cells from aging males deprived of gonadal steroids for Ͼ12 months. In contrast to the females, qualitative inspection of neurons from aged males revealed dendritic trees with no paucity of spines (Fig. 3 ). An ANOVA with sex as the independent variable revealed a significant sex difference in spine density of granule cells of long-term gonadectomized rats (F (1,4) ϭ 11.04; p Ͻ 0.05).
Morphology of granule cells in aged rats with shortterm replacement of estradiol
To determine whether dentate granule cells from aged rats might be responsive to a pulse of estradiol, we compared the morphology of dentate granule cells from aged, long-term gonadectomized male and female rats that received short-term estradiol replacement with rats that received control oil injections. Qualitative inspection of neurons from aged females revealed that rats with short-term estradiol replacement had granule cells with full spiny dendritic trees compared with those with no replacement (Fig. 4 A, B, E) . In contrast, qualitative inspection of granule cells of male rats revealed less spiny dendritic trees in the estradiolreplaced males compared with those with no replacement (Fig.  4C, D) . A two-way ANOVA with sex and short-term EB treatment as factors revealed no significant effects of either treatment or sex but did reveal a significant interaction between sex and EB treatment (F (1,9) ϭ 11.333; p Ͻ 0.005). Short-term estradiol replacement also increased the spine density of neurons from females that had received long-term replacement of low doses of EB. Qualitative inspection of these granule cells revealed fully branching dendritic trees with many spines (Fig. 5C, D) . Quantitative analysis of spine density revealed that short-term EB replacement increased dendritic spine density regardless of previous long-term EB exposure (Fig. 5E) . A two-way ANOVA with short-term and long-term EB replacement as factors revealed no significant effect of long-term treatment alone and no interaction between long-term and short-term EB replacement. It did reveal a significant effect of short-term EB replacement (F (1,11) ϭ 17.268; p Ͻ 0.005).
When we examined spine densities of granule cells from the dorsal and ventral blades of the dentate gyrus separately, we found that EB replacement appeared to increase spine density in females mainly in the neurons of the dorsal blade (Fig. 6) . A two-way ANOVA on spine densities of dorsal blade cells only also revealed no significant effect of treatment or sex but did reveal a significant sex by EB treatment interaction (F (1,9) ϭ 7.515; p Ͻ 0.05). The same analysis run on ventral blade neurons revealed no significant main effects or interactions.
Varicosities were counted separately from spines; age nor treatment nor sex influenced the number or density of varicosities significantly. There were also no significant correlations between varicosities and spine density across conditions.
Interaction of aging and short-term replacement of estradiol
To determine whether there was an interaction between aging and short-term estrogen replacement, we compared the spine density of dentate granule cells in young female and male rats gonadectomized 3 weeks before being killed with granule cells from aged females and males gonadectomized 14 -28 months before being killed. We found that dentate granule cells from young females deprived of gonadal steroids for only a few weeks Scale for A-D is the same. EB, Estradiol benzoate; GCL, granule cell layer; ML, molecular layer; PP, perforant pathway. n ϭ 4 for all conditions, except short-term replacement for the males for which n ϭ 3.
were noticeably spinier than then those from aged females that had suffered long-term deprivation (Fig. 7 A, C) . In fact, shortterm EB replacement appeared to return dendritic spine density in aged ovariectomized females to that of the younger ovariectomized females (Fig. 7 A, D) . In contrast to the aged females, the spine density of dentate granule cells in young females was not altered by ovariectomy or EB replacement (Fig. 7A-D) . Quantification supported these qualitative observations; a two-way ANOVA with age and EB replacement as factors revealed no significant effect of age or short-term EB replacement on granule cell spine density. However, there was a significant interaction between age and short-term EB replacement (F (1, 8) ϭ 7.109; p Ͻ 0.05) (Fig. 7E) .
In contrast, in males, dentate granule cells from young rats deprived of androgens for only a few weeks were not noticeably different from granule cells of aged rats that had suffered longterm androgen deprivation (Fig. 8) . Visual inspection revealed that short-term EB replacement tended to decrease spine density Figure 5 . Camera lucida drawings and histogram showing that after ovariectomy at 2 months of age, dentate granule cells in 16-to 20-month-old females respond to short-term replacement of estrogens whether they have been deprived of estrogens long-term or had low levels of long-term EB replacement. A, Estrogen-deprived state. B, Short-term EB replacement after estrogen deprivation. C, L ong-term low-estradiol replacement. D, Short-term estrogen replacement after long-term low-estradiol replacement. Note how spine density increases after short-term replacement regardless of whether the neurons are deprived or have long-term low-dose replacement. E, Histogram of spine density. Scale for A-C is the same. ST, Short-term; LT, long-term; EB, estradiol benzoate. n ϭ 4 for all conditions. slightly in both young and aged rats, but the effect of EB replacement was significant only in the aged male rats (F (1,4) ϭ 14.06; p Ͻ 0.05).
DISCUSSION
We investigated the effects of estrogen deprivation and replacement on dentate granule cells in aged long-term gonadectomized female and male rats. This work emerges from the important observation of Woolley and McEwen (1992) that the spine density of apical dendrites of CA1 pyramidal neurons changes over the 4 d period of the rat estrous cycle. Our new approach was to focus on the effects of estrogen deprivation and replacement on the aging brain, to examine a different neuronal population, and to compare responses of females and males. We found the following.
(1) Aged females deprived of gonadal steroids long-term have a paucity of dendritic spines on hippocampal granule cells compared with young females deprived for the short-term; however, aged males deprived of gonadal steroids long-term show no decrease in dendritic spines compared with young males deprived for the short-term. (2) No difference in spine density exists between females that suffered long-term deprivation and those exposed to long-term replacement of both high and low doses of EB. (3) Short-term estradiol replacement to aged female rats increases spine density of hippocampal granule cells to levels observed in young adults and decreases spine density in aged males.
We used intracellular dye injections that revealed dendritic morphology in as much detail as Golgi methods (Gould et al., 1990a,b; Woolley et al., 1990; Woolley and McEwen, 1992) . Others have also found dye filling to be a method that allows complete documentation of changes in spine density in response to estradiol administration (Woolley et al., 1997) . Although our spine densities are in the range of those reported in other studies (Hama et al., 1989; Trommald et al., 1995) , absolute numbers of dendritic spines will always remain in question because sex and treatment of the animals differ between studies. For technical reasons alone, spine numbers vary from study to study depending on whether or not correction values are used (Feldman and Peters, 1979) and which morphological method is used. In this study, all the drawing and spine counts were performed by one person (P.M.), ensuring consistent intrastudy values and allowing us to demonstrate changes in relative densities.
We demonstrate that, in aged females that have been ovariectomized for many months, acute estradiol administration quickly (in Ͻ48 hr) increases granule cell spine density. This is surprising because, in young females, dentate granule cells (in contrast to CA1 pyramidal neurons) do not respond rapidly to estradiol administration or to the natural fluctuation of hormones during the estrous cycle (Gould et al., 1990b; Woolley and McEwen, 1992 present report) . These results demonstrate that the aged hippocampus is still rapidly responsive to acute changes in the hormonal milieu. Whether it is aging and/or estrogen deprivation that increases estradiol responsivity in this neuronal population remains to be determined. However, we have found that after ovariectomy of 5-month-old rats, spine density of granule cells declines very slowly over months, not days, suggesting that in young females granule cell spine density is not maintained by circulating estradiol (C. Cullen, C. Williams, and G. Einstein, unpublished observations).
Our finding that chronic long-term estradiol replacement in females results in the same decrease in dendritic spine density as complete estrogen deprivation suggests that responsivity of neurons to estrogen requires a cyclical or pulsatile exposure. This is an intriguing finding because it suggests that the common feature of hormonal aging in rats and humans is that the aging female is no longer exposed to cyclical changes in ovarian secretions. Human females experience many years of estrogen deprivation after menopause, whereas rats undergo a stage of constant estrus when estrogen levels are constant but high and then persistent diestrus when estrogen levels are constant and low (Lefevre and McClintock, 1988) . Given our results, it is possible that if aging female rats were to continue to cycle regularly or to receive cyclical estradiol replacement, spine density of the granule cells would be maintained into old age. In fact, our finding that short-term estradiol replacement increases spine density in dentate granule cells of long-term ovariectomized aged female rats demonstrates that these neurons are still responsive to estrogen, but their responsiveness depends on the pattern of estrogen exposure. Whether dentate granule cells of aged females would undergo remodeling under conditions that mimic ovarian hormone cycling remains to be determined.
The pattern of response of dentate granule cell spines to Note that whereas the effect in the females is carried primarily by the dorsal blade, the effect in the males is carried by both the dorsal and ventral blades. n ϭ 4 for all conditions, except short-term replacement for the males for which n ϭ 3.
gonadectomy and estrogen replacement is quite different in aged male rats. Aged males do not show an age-related decline in granule cell spines after long-term gondectomy, and in response to short-term estradiol replacement spines are lost, suggesting that females and males age differently on the neuronal level. This sexually dimorphic response may be programmed by developmental history. Neurons in the ventromedial hypothalamus also show this same type of dimorphism; replacing estradiol in gonadectomized females increases spine density, whereas it decreases spine density in males (Lewis et al., 1995) . Thus, depending on Figure 7 . Camera lucida drawings and histogram showing that dentate granule cells in females ovariectomized at 4.5 months do not respond to short-term EB replacement at 5 months of age, whereas 16-to 20-month-old females ovariectomized at 2.5 months do respond to short-term EB replacement. A, Estrogen-deprived young adult. Note the f ull spiny dendritic tree. B, Young adult with short-term estradiol replacement. Note that there is relatively little change in spine density compared with A. C, Aged adult, estrogen-deprived. Note the paucity of dendritic spines. D, Aged adult, short-term EB replacement. Note the dramatic increase in spine density compared with C. E, Histogram of spine densities. Scale bar in D also applies to A-C. ST, Short term; LT, long-term; EB, estradiol benzoate. n ϭ 4 for all conditions, except short-term replacement for the females for which n ϭ 3.
sex, neurons in different brain regions may have similar responses to estradiol replacement, reflecting the difference in developmental plan between female and male. What is the mechanism by which a previously unresponsive neuronal type becomes responsive? Although estrogens can act to alter gene transcription (McEwen et al., 1978) , it is unlikely that this is the case in the present study because in the hippocampus, both ␣-and ␤-estrogen receptors have been identified on interneurons and glial cells and not on dentate granule cells (Rainbow et al., 1982; L oy et al., 1988; Pelletier et al., 1988; Weiland et al., 1996; Kuiper et al., 1997; Li et al., 1997) . Estradiol might act directly on membranes, altering their properties to induce glutamate release, thus increasing intraneuronal calcium, stimulating NMDA receptors, leading to the addition of dendritic spines (Parpura et al., 1994; Woolley and McEwen, 1994; K lintsova et al., 1995) . Estradiol might also affect dentate granule cells via astrocytes (K lintsova et al., 1995) . The explanation we favor, however, is that estrogen may be acting indirectly on neurons projecting to dentate granule cells, such as entorhinal cortical or basal forebrain neurons that are known to have estrogen receptors (Pfaff and Keiner, 1973; L oy et al., 1988; Weiland et al., 1996) . Such sensitivity to denervation and reinnervation would not be unusual for dentate granule cells and is reminiscent of their quick loss of spines because of loss of inputs during aging or disease (Nadler et al., 1973 (Nadler et al., , 1977 White et al., 1979; Flood and Coleman, 1986; Flood, 1987; Einstein et al., 1994; Shetty and Turner, 1995) . Our finding that the brunt of the effect is carried by neurons of the dorsal blade f urther supports the hypothesis that responsivity to estrogens is caused by denervationinnervation effects because granule cells in the dorsal and ventral blades have been shown to differ in both morphology (Claiborne et al., 1990) and inputs (Amaral and Witter, 1995) .
The f unctional ramification of increased or decreased spine density is still an open question. It has been shown in male rodents that spine density and number of excitatory synapses correlate with the efficiency of learning spatial tasks (Moser et al., 1994) . Direct correlation of changes in spine density with changes in synaptic density suggests that, at the very least, changes in spine density reflect changes in excitatory input (Westrum and Blackstad, 1962; Calverley and Jones, 1990; Jaslove, 1992; Woolley and McEwen, 1992) ; by the same token, decreases in spine density probably reflect a loss of excitatory inputs and thus a decrease in neuronal excitability. Exacerbation of spine loss by estrogen deprivation in normal aging suggests that the estrogendeficient state after human menopause is one of decreased excitatory synaptic input, which may contribute to cognitive decline in aging and Alzheimer's disease-affected women.
It also suggests that recently reported positive effects of hormone replacement therapy, such as the reversal of normal memory decline in elderly women , the delay in the age of onset of Alzheimer's disease Kawas et al., 1997) , and the amelioration of cognitive decline in Alzheimer's disease (Fillit et al., 1986; Ohkura et al., 1994a,b; Birge, 1997) , may be mediated through structural changes of hippocampal neurons. Our data suggest that administering estrogens in a cyclic manner in humans might strengthen neuronal connectivity, which might lead to cognitive enhancement. This newly discovered rapid plasticity in the female brain may have implications for the protection of neurons in Alzheimer's disease, as well as for our conception of the relative effects of aging on the female and male brain. Histogram showing that dentate granule cells in males gonadectomized at 2.5 months show a decrease in spine density at both 5 months and 16 -20 months after short-term EB replacement. EB, Estradiol benzoate. n ϭ 4 for all conditions, except short-term replacement in the older males for which n ϭ 3.
